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Remembering and forgetting are fundamental features of an organism. Extinction is a type of 
forgetting where there is a decrease in the significance and/or the meaning of an associative 
memory when elements of that memory no longer predict one another. The neural mechanisms 
underlying extinction of fear memories have been extensively studied in the laboratory because 
extinction processes are clinically relevant to exposure therapies that treat anxiety disorders. 
However, only in the last decade have we begun to unveil the similarities and differences in 
plasticity underlying extinction across development. So far it is clear that extinction is a 
developmentally dissociated process in behavior and in pharmacology, however there are many 
large gaps in the literature in understanding how the developmental trajectory of different 
neurotransmitters contribute to changes in the nature of extinction across development. We attempt 
to address these gaps in the present review. Major neurotransmitter systems including the 
glutamatergic and GABAergic systems, the monoamines, the endogenous opioid and cannabinoid 
systems, acetylcholines, and neuropeptides such as oxytocin have all been identified to play some 
role in extinction of fear memories and have been covered in this review. We hope to facilitate more 
research into mechanisms of extinction at different stages of life, especially noting that mental 











A fundamental feature of an organism is its ability to learn. Learning is a change in behavior as a 
result of experience, and this learning is stored as memories. Memories pervasively influence our 
everyday experience (Kim, 2016). Memory is also ubiquitous, exhibited by species ranging from 
worms to monkeys, and Eichenbaum asserted that the basic properties of human memory is on a 
continuum with the memory abilities of non-human animals (Eichenbaum, 1997). In fact, animal 
models have facilitated considerable progress in delineating the neural bases of learning and 
memory in the past (Kandel, 2009), and now we can even implant false memories in rodents 
(Ramirez et al., 2013).  
In contrast, the neural bases of forgetting remain poorly understood. While the definition of 
µWUXH¶ IRUJHWWLQJ UHPDLQV HTXLYRFDO IRUJHWWLQJ FDQ EH operationally defined as the decrease in 
behaviors that were indicative of previous learning (Schacter, 2001). It can be due to decay and/or 
due to changes in the environment, or due to new learning or memory associated with the original 
memory (Wixted, 2004). The first two types of forgetting are extremely difficult to observe in 
animals:  rodents can remember a brief conditioned reflex training for over 12 months (at least third 
of their lifetime), regardless of the changes in the environment (Gale et al., 2004). This may explain 
the relative neglect of the neurobiological study of forgetting. Therefore, the dominant way to study 
forgetting in animals is by extinction. Extinction refers to the decrease in the conditioned responses 
(CR) expressed to a conditioned stimulus (CS) previously associated with a biologically significant 
event (i.e., unconditioned stimulus; US), due to the repeated exposure to that CS without any 
consequences. Extinction is widely studied largely because it forms the basis of exposure therapies 
that treat mental disorders (Foa & McLean, 2015; VanElzakker, Dahlgren, Davis, Dubois, & Shin, 
2013).  
The decrease in learned behaviors after extinction was initially hypothesized to be due to 
µHUDVXUH¶RUXQOHDUQLQJRIWKHRULJLQDOOHDUQLQJ (Rescorla & Wagner, 1972), however, this account 
was largely rejected because extinguished behaviors can often recover without any relearning of the 
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event in reinstatement, renewal, and spontaneous recovery (Bouton, 2002). Reinstatement is the 
return of an extinguished CR following a pre-WHVWµUHPLQGHU¶FXHVXFKDVWKHVKRFN initially used 
for conditioning. Renewal refers to the return of CR when tested in a different environment/context 
to where extinction occurred. Spontaneous recovery is the return of CR due to time elapsing after 
extinction. Hence, it is now widely accepted that extinction is primarily a new learning that 
µLQKLELWV¶WKHRULJLQDOPHPRU\IURPEHLQJH[SUHVVHG (Tovote, Fadok, & Lüthi, 2015).  
Neurobiological studies also demonstrate that extinction has characteristics of new learning, 
sharing similar neural mechanisms with conditioning. Specifically, formation of a new memory and 
extinction are both dependent on a molecular cascade involving pre-synaptic glutamate release, N-
methyl-d-aspartate (NMDA)-mediated calcium entry, activation of protein kinases (e.g., mitogen-
activated protein kinase), gene transcription and protein synthesis (Brown et al,. 2012; Lin et al., 
2003; LeDoux, 2000). For example, reducing signalling of the NMDA receptor, protein synthesis, 
or mitogen-activated protein kinase activity impairs conditioning and extinction (Brown et al. 2012; 
Lin et al. 2003). These similarities indicate that extinction is a new learning that requires cellular 
plasticity not unlike conditioning. However, extinction must require neural processes that are 
distinct from conditioning because these two forms of learning have opposite behavioural 
consequences (i.e., decrease vs increase in CR) (Orsini & Maren, 2012; Herry et al., 2008). For 
example, J-aminobutyric acid (GABA) inhibitory transmission is necessary for extinction (Harris & 
Westbrook 1998), whereas increased GABA disrupts conditioning (Harris & Westbrook, 1994). 
Taken together, extinction appears to be a new learning that inhibits fear, at least in adult animals.  
Due to the clinical significance of understanding how fear is inhibited, the neural circuitry 
underlying extinction has been extensively studied in the last few decades. In the next section, we 
will provide a brief summary of what we do understand about extinction during adulthood. This is  
intended merely to introduce the readers, and hence facilitate the understanding of extinction across 
development. There already are many excellent reviews available covering the adult neural circuitry 
and neurochemistry of extinction (Abraham et al., 2014; Baker et al., 2016; Courtin et al., 2013; 
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Ehrlich et al., 2009; Kim & Richardson, 2010a; Lattal et al., 2006; Myers & Davis, 2006; Orsini & 
Maren, 2012; Quirk & Mueller, 2007; Singewald et al., 2015; Sotres-Bayon et al., 2006; Tovote et 
al., 2015). 
1.1 Neural model underlying extinction of conditioned fear in adult animals: a brief overview  
Similar to conditioning, extinction occurs in three phases: acquisition, consolidation, and retrieval 
(Ganella & Kim, 2014; Maren & Quirk, 2004). Acquisition of extinction is the learning that occurs 
when the CS is presented without the US and the CR is reduced within an extinction training 
session. This learning then undergoes time-dependent consolidation during which molecular 
processes stabilize it to form an extinction memory. Following consolidation, extinction memory 
can be retrieved upon presentation of the CS. Good retrieval of extinction memory would manifest 
as low levels of fear, whereas poor retrieval manifests as high levels of fear. Poor retrieval of 
extinction may be due to a return of the original conditioned fear memory (e.g., renewal), or a 
failure in extinction consolidation. 
The different phases of extinction involve different neural regions, which ultimately leads to 
the extinction memory being modulated and/or distributed across a network of regions critically 
involving the amygdala, medial prefrontal cortex (mPFC), and hippocampus (Courtin et al., 2013; 
Laurent & Westbrook, 2009; Tovote et al., 2015). Out of the three phases, the circuitry underlying 
the retrieval phase of extinction is the best understood. The most dominant model proposes that 
extinction retrieval involves the extinguished CS activating the infralimbic cortex (IL) of the mPFC, 
which then excites GABAergic inhibitory neurons within the amygdala (i.e., local interneurons or 
intercalated neuronal clusters) (Busti et al., 2011) to inhibit the amygdala to reduce CR (Sotres-
Bayon et al. 2006). The hippocampus plays an important role in this circuitry to transmit contextual 
information (Orsini et al. 2011). In the case of renewal for example, the hippocampus mediates 
retrieval of the conditioning memory instead of the extinction memory via its connections to the 
basal amygdala (BA) and the prelimbic cortex (PrL) of the mPFC in the context where extinction 
did not occur (Orsini et al., 2011; Sotres-Bayon et al., 2012). 
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Compared to the retrieval phase, the neural underpinnings of extinction acquisition and 
consolidation are less clear. What we do know is that the amygdala appears critical for both phases 
(Quirk & Mueller 2007). Inactivation of the basolateral amygdala (BLA) prior to extinction training 
disrupts extinction acquisition (Kim & Richardson, 2008, Lin et al., 2003). Electrophysiological 
studies have provided more specific information, for example, neurons that respond to the CS in the 
very dorsal regions of the lateral amygdala (LA) show a quick decrease in firing to the CS during 
extinction training, whereas slightly more ventral LA neurons maintain firing to the CS despite 
absence of any CR (Repa et al., 2001). Extinction training also decreases CS-responsive 
µFRQGLWLRQHGQHXURQV¶LQWKH%$WREHFRPHXQUHVSRQVLYHRUGHYHORSLQKLEition in response to the 
CS (Herry et al., 2008) 7KH %$ DOVR FRQWDLQV µH[WLQFWLRQ QHXURQV¶ WKDW GHYHORS H[FLWDWRU\ &6
responses following extinction training (Amano et al., 2011; Herry et al., 2008). Importantly, these 
changes in neuronal firing in the BA during extinction precede the actual behavioural change (i.e., 
decrease in CR), which suggests that BA plasticity is causal to acquisition of extinction (Herry et 
al., 2008). It is yet unknown how extinction training leads to such shifts in CS-related neuronal 
firing in the BA. The fast-latency changes in dorsal LA neurons following extinction (Repa et al., 
2001) may affect this change. Also, GABAergic intercalated neurons that are activated early in 
extinction training can influence plasticity in the BA (Busti et al., 2011). 
Once acquired, the mPFC plays an important role for extinction consolidation. NMDA 
receptor antagonists and protein synthesis inhibitors, injected into the mPFC (or IL) prior to 
extinction do not affect extinction acquisition, however, disrupt its consolidation as evidenced by 
high levels of fear when tested the next day (Kim et al., 2009, Laurent & Westbrook 2009). Similar 
results are seen when those drugs are infused immediately after extinction, indicating that the mPFC 
is important for extinction consolidation (Laurent & Westbrook., 2009; Sotres-Bayon et al., 2009). 
Also, CS-elicited neuronal firing in the IL was not found during within-session extinction, however, 
robust CS-elicited firing in the IL was observed following extinction consolidation (Milad & Quirk, 
2002). The hippocampus also appears to be involved in consolidation, but not acquisition of 
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extinction. Inactivation of the hippocampus prior to extinction training did not disrupt within-
session extinction, but CR remained high when tested the next day (Corcoran et al., 2005). 
Additionally, the hippocampus CA1 region showed significantly higher levels of protein kinase 
activation following extinction of a context previously paired with a shock, indicating that the 
hippocampus partakes in extinction memory consolidation (Guedea et al., 2011). 
The mechanisms underlying the shift in the locus/loci of plasticity during extinction 
acquisition vs consolidation are poorly understood. The BA sends dense projections to both the 
hippocampus and the mPFC, and the LA sends projections to the hippocampus (Petrovich et al., 
2001; Verwer et al., 1996). Thus, it is postulated that the BA and/or the LA relays extinction 
information to the mPFC and the hippocampus once acquired (Fig. 1B) (Ehrlich et al., 2009). Why 
such distribution of information is necessary is yet unknown. It may allow co-existence of the CS-
86PHPRU\HJµGDQJHU¶ and CS-QR86PHPRU\HJµVDIHW\¶VXFKWKDWHLWKHUPHPRU\FDQEH
retrieved depending on the appropriate situation/environment. Interestingly, studies using 
developing rats show that during the juvenile period extinction is robust and relapse is not observed 
(Ganella & Kim, 2014). Further, this early life resilience quickly turns into vulnerability in that the 
extinction memory is easily forgotten during adolescence compared to adulthood.  
---Figure 1 about here--- 
1.2 Neural model underlying extinction of conditioned fear in developing animals  
In the past 10 years, there has been an accumulation of evidence that extinction processes are 
fundamentally different across development, especially in regards to learned fear memories (Baker, 
Bisby, & Richardson, 2016; Casey, Glatt, & Lee, 2015; Ganella & Kim, 2014; Kim & Richardson, 
2010b). This is important because impaired inhibition of fear memories is a critical facet of anxiety 
disorders (Milad et al., 2006), and most adults with anxiety disorders showed anxiety during 
childhood (Merikangas et al., 2010). In fact, the median age of onset for anxiety disorders is 7-14 
years of age DVUHYHDOHGE\WKH:RUOG+HDOWK2UJDQLVDWLRQ¶V:RUOG0HQWDO+HDOWK6XUYH\(Kessler 
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et al., 2007).  
In rodents it has been observed that postnatal day (P)17 juveniles fail to show renewal, 
reinstatement, or spontaneous recovery following extinction, whereas all three are observed in P24 
(pre-adolescent), P35 (adolescent), and adult rodents (Gogolla et al., 2009; Kim & Richardson 
2007a; Ganella & Kim 2014). Given the hypothesis that extinction causes erasure of the original 
CS-86DVVRFLDWLRQZDVUHMHFWHGRUFRQVLGHUHGRQO\DVDµVHFRQGDU\¶PHFKDQLVPLai et al., 2012) 
largely based on the findings of renewal, reinstatement and spontaneous recovery, lack of these 
phenomena suggests that extinction is erasure in P17 rats (Quirk & Mueller, 2007).  
At the neural circuitry level, we have shown that temporary inactivation of the amygdala 
prior to extinction training blocks extinction in both P17 and P24 rats (Kim & Richardson 2008), 
suggesting that the amygdala is an important site for extinction regardless of age. In contrast, 
temporary inactivation of the mPFC prior to extinction training did not impair extinction 
consolidation in P17 rats whilst impairing extinction in P24 rats (Kim et al., 2009). Consistent with 
adult data, extinction training significantly increased mitogen-activated protein kinase activation in 
the IL, PrL, and the BLA in P24 rats, whereas only the BLA showed an increase in P17 rats. The 
mPFC is a late-maturing structure (Paus et al., 2008), whereas the amygdala is relatively mature and 
involved in fear learning as early as P12 (Sullivan et al., 2000). The contribution of the 
hippocampus in extinction at P17 has not yet been explicitly tested, however, it is widely assumed 
to be uninvolved (Kim & Richardson, 2010a) because the hippocampus is immature at P17 (Wilson 
1984). Overall, there are clear fundamental differences in the neural circuitry underlying extinction 
across development. The amygdala is one common region of importance for extinction. Depending 
on its communication with the mPFC and the hippocampus, however, the plasticity in the amygdala 
appears to lead to a new inhibitory memory or erasure of the original memory following extinction. 
At P17, extinction may result in greater dependence on the amygdala due to mPFC and 
hippocampus immaturity, and result in erasure of CS-US memory rather than the existence of two 
competing memories observed in adults (Fig. 1A).  
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The observation that extinction is more effective in juvenile rodents is mirrored in people 
with anxiety disorders; where children respond much better to exposure therapy and show less 
relapse than adolescents and adults (Bodden et al., 2008; Southam-Gerow, Kendall, & Weersing, 
2001). Such robust extinction processes quickly turn into vulnerability during adolescence, when 
extinction is impaired and the original fear memories are much more readily observed compared to 
adulthood (Kim et al., 2011; Pattwell et al., 2012). This also mirrors how anxiety disorders are most 
prevalent, and particularly difficult to treat, in adolescent humans (Asselmann & Beesdo-Baum, 
2015; Kendall, Safford, Flannery-Schroeder, & Webb, 2004; Kessler et al., 2007; Kim & Ganella, 
2015). Normal changes in the PFC across adolescence appear to contribute to the extinction 
impairment (Kim et al., 2011; Pattwell et al., 2012). Interestingly, the PFC is proposed to have a 
similar role in adolescence as in adulthood, but is compromised during the former period in terms of 
efficiency, speed and capacity (Kim et al., 2011). For these reasons, it appears that adolescence 
UHSUHVHQWV QRW D SKDVH RI DSSDUHQW ³GHYHORSPHQW´ RI WKH 3)& EXW D SHULRG RI ³PDWXUDWLRQ´ RU
refinement (O'Donnell, 2010; Wahlstrom et al., 2010).  
---Figure 2 about here--- 
Taken together, extinction of conditioned fear is a developmentally dynamic process (Fig. 
2), and these extinction differences across development are accompanied by differences in 
neuropharmacology and synaptic plasticity (Ganella et al., 2016; Gogolla, Caroni, Lüthi, & Herry, 
2009; Kim & Richardson, 2007b; 2008; Kim, Li, & Richardson, 2011; Langton, Kim, Nicholas, & 
Richardson, 2007; McCallum, Kim, & Richardson, 2010; Pattwell et al., 2016). Perhaps it is 
intuitive that extinction processes would be different across development, considering that the 
neurotransmitters involved in experience-dependent synaptic plasticity show interesting 
developmental trajectories. In this review, we will describe the postnatal development and 
maturation of major neurotransmitters in rodents and their implication in extinction of conditioned 
fear across development. We will focus on the brain regions highly studied in extinction of 
conditioned fear, namely the amygdala, prefrontal cortex (PFC), and the hippocampus (Kim & 
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Richardson, 2010a; Quirk & Mueller, 2007). The developmental/maturational stages will be 
referred to using previously defined age brackets in rodents (Madsen & Kim, 2016).  
2. Glutamate and J-amino butyric acid 
2.1 N-methyl-D-aspartate  
Glutamate is the major excitatory neurotransmitter in the mammalian central nervous system (CNS) 
and is known to have important roles in CNS development, as well as in learning and memory 
(McDonald & Johnston, 1990). Glutamatergic neurotransmission is mediated by ionotropic and 
metabotropic receptors. The N-methyl-d-aspartate (NMDA) receptor (R) is an ionotropic receptor 
that is a glutamate-gated cation channel which plays a key role in excitatory neurotransmission in 
the CNS (Monaghan, Bridges, & Cotman, 1989). The NMDAR has been established as critical for 
many forms of experience-dependent plasticity, such as long-term potentiation (LTP) (Bliss & 
Collingridge, 1993) and long-term depression (LTD) (Sajikumar & Frey, 2004). NMDARs are 
heterotetrameric complexes assembled from NR1 and NR2 subunits, and they possess unique 
physiological properties depending upon their subunit composition (Cull-Candy, Brickley, & 
Farrant, 2001). The functional diversity of NMDARs is achieved by differential incorporation of 
NR2A-NR2D subunits, whereas the NR1 subunit is an essential component of the tetramer (Sheng, 
Cummings, Roldan, Jan, & Jan, 1994). At birth, NMDARs can also contain NR3 subunits, however 
expression levels decline dramatically between P7 and P14 and remain very low in adulthood (Al-
Hallaq et al., 2002), and will not be further discussed in the present review. 
NMDARs containing NR2A subunits have rapid offset kinetics, whereas receptors 
containing NR2B have slower kinetics (Vicini et al., 1998). Therefore, any developmental shift in 
subunit expression is thought to contribute to developmental changes in functional properties of the 
receptors. While NR1 subunit mRNA is low at birth and increases to high levels at P20 across the 
brain (Monyer, Burnashev, Laurie, Sakmann, & Seeburg, 1994; Zhong, Carrozza, Williams, 
Pritchett, & Molinoff, 1995), the NR2 subunit is also developmentally regulated, and in immature 
glutamatergic synapses NR2B is the predominant subunit in most brain regions up until the first 
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week of postnatal life, after which they are largely replaced by NR2A subunits (Laurie, Bartke, 
Schoepfer, Naujoks, & Seeburg, 1997; Monyer et al., 1994; Portera-Cailliau, Price, & Martin, 1996; 
Riva, Tascedda, Molteni, & Racagni, 1994; Sheng et al., 1994; Takai, Katayama, Uetsuka, 
Nakayama, & Doi, 2003) (Table 1). The NR2B subunit may be particularly important for synaptic 
plasticity underlying learning and memory compared to NR2A subunits (Barria & Malinow, 2005), 
and the loss of NR2B subunits may be a potential mechanism contributing to loss of synaptic 
plasticity during brain development (Cull-Candy et al., 2001).  
2.1.1 Amygdala 
At birth, synaptic NMDARs in the amygdala are largely composed of NR1/NR2B subunits, but by 
P21 the NR2B subunits in the lateral amygdala (LA) are mostly replaced by receptors containing 
NR2A subunits (Fig. 3D), while in the central amygdala (CeA) these synapses retain NR1/NR2B 
multimers into adulthood (Lopez De Armentia & Sah, 2003) (Fig. 3C). The abundance of NR2B 
subunits in the LA before 3 weeks of life has interesting implications for fear extinction early in 
life. Ifenprodil, an antagonist that selectively blocks NR2B subunits of NMDARs has been shown 
to impair acquisition of extinction when injected into the LA in adult rats (Sotres-Bayon, Bush, & 
LeDoux, 2007) (Table 2). It would be interesting to elucidate whether extinction acquisition is also 
impaired by ifenprodil in juvenile rodents, considering that the amygdala is necessary for extinction 
across development (Kim & Richardson, 2008). Although we have demonstrated that the non-
selective NMDAR antagonist MK-801 injected systemically prior to extinction disrupts extinction 
consolidation in P24 but not in P17 rats (Kim & Richardson, 2010b; Langton et al., 2007), MK-801 
shows similar affinity to NR1/NR2A and NR1/NR2B multimers (Laurie & Seeburg, 1994). It may 
be the case that extinction does involve NR1/NR2B multimers in P17 rodents, but the relative 
abundance of them provides protection against the effects of MK-801 at this age.  
It has been hypothesized that extinction in P17 rodents may rely on plasticity solely within 
the amygdala due to the immature neural circuitry, which may lead to more effective extinction that 
erases the original fear memory (Kim & Richardson, 2010b). Consistent with this idea, others have 
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also hypothesized that the amygdala is capable of extreme plasticity at 2 weeks of age due to the 
high number of NR2B subunits (Dumas, 2005). It would be important to examine whether 
selectively enhancing NMDARs in the LA that contain NR2B subunits in adults leads to relapse-
resistant extinction as observed in juvenile rodents.  
2.1.2 PFC 
In the cortex, NR1 subunit mRNA levels are low at birth, rise to peak levels at weeks 2 and 3, then 
fall and plateau to intermediate levels through adolescence and adulthood (Sheng et al., 1994). 
Unlike most brain regions where a NR2B to NR2A switch is observed across development, the PFC 
is unique in that NR2B levels do not decline, but remain persistently high (Wang, Stradtman, Wang, 
& Gao, 2008) (Fig. 3A). This is consistent with the critical role of the PFC in working memory, as 
slow-decay NR2B subunits are important for the maintenance of neural activity and working 
memory (Monaco, Gulchina, & Gao, 2015). While NR2B subunits in the LA are necessary for 
acquisition of extinction, these subunits in the ventromedial PFC (vmPFC) are important for the 
consolidation of extinction in adult rats (Sotres-Bayon, Diaz-Mataix, Bush, & LeDoux, 2009).  
In layer 5 of the PFC, there is a peak in NR2B function during late adolescence/early 
adulthood, and this is required for input-specific expression of LTP in response to ventral 
hippocampal stimulation (Flores-Barrera et al., 2014). This is consistent with the role of ventral 
hippocampus in mediating the activity of PFC during and following extinction in adult rodents (Jin 
& Maren, 2015; O'Neill, Gordon, & Sigurdsson, 2013; Orsini, Kim, Knapska, & Maren, 2011; 
Sotres-Bayon, Sierra-Mercado, Pardilla-Delgado, & Quirk, 2012). Considering that early-mid 
adolescent rats show impaired consolidation of extinction learning, a deficit that is related to 
reduced MAPK activation in the vmPFC (Kim et al., 2011), future studies should examine whether 
this deficit is also related to NR2B subunit function in the vmPFC that is yet to peak at that age. 
Additionally, post-extinction systemic injection of NMDA partial agonist D-cycloserine (DCS) can 
facilitate extinction consolidation in adolescence (McCallum et al., 2010). DCS may be working 
through the vmPFC, an idea supported by a functional magnetic resonance imaging study in 
 13 
humans that showed increased PFC activity during phobic cue exposure following DCS 
administration compared to placebo (Aupperle et al., 2009).   
2.1.3 Hippocampus 
In the hippocampus (Fig. 3B), NR1 and NR2A mRNA and protein levels increase from birth to the 
third postnatal week, then decrease slightly from P21-P35 to reach adult levels (Monyer et al., 1994; 
Ritter, Vazquez, & Meador-Woodruff, 2002; Riva et al., 1994; Wenzel, Fritschy, Mohler, & Benke, 
1997; Zhong et al., 1995). mRNA expression of the NR2B subunit is high at birth and increases 
slightly to P21 (Wenzel et al., 1997). At 2 weeks of age, both NR2A and NR2B subunits reach peak 
expression levels at the synapse, and this coincides with the developmental period where 
hippocampal LTP and LTD are maximal (Dudek & Bear, 1992; K. M. Harris & Teyler, 1984; 
Williams, Russell, Shen, & Molinoff, 1993).  
This peak in hippocampal LTP and LTD at 2 weeks appears contradictory to the failure to 
observe context-specific expression of extinction in rodents this age (Gogolla et al., 2009; Kim & 
Richardson, 2007a; 2007b; but see Revillo, Paglini, & Arias, 2014). It should be noted that context-
independent extinction in juvenile rodents may be due to the immaturity between the connections 
between the amygdala and the hippocampus, rather than due to the functionality of the 
hippocampus per se (Kim & Richardson, 2010a). Additionally, we have acquired data robustly 
demonstrating contextual fear conditioning at this age at comparable levels to older rats (Park, 
Ganella, & Kim, unpublished observations), in line with a recent study showing that P17 rodents 
can readily perform object-in-context tasks as long as the spatial cues remained within the chamber 
(~80cm in this particular study) (Ramsaran, Westbrook, & Stanton, 2016).  
Based on the observation that maximal hippocampal LTP and LTD are displayed at 2 weeks 
of age in rodents, we cannot help but raise the possibility that hippocampal LTP/LTD may lead to 
extra effective extinction at this age. There is a theory that the hippocampus itself is necessary for 
extinction (Delamater, 2004; Radulovic & Tronson, 2010), which is supported by the finding that 
inactivation of the hippocampus prior to extinction impairs extinction (Corcoran, Desmond, Frey, & 
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Maren, 2005). Examining the contribution of the hippocampus, and any connections between it and 
the amygdala, appears necessary to answer these questions. 
---Figure 3 about here--- 
 2.2 AMPA 
Į-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors are non-NMDA 
glutamate receptors with cation-specific ion channels, and are the most abundant receptor type in 
the mammalian CNS (Bowie, 2011). It was first named the quisqualate receptor after its naturally 
occurring agonist quisqualate (Fagg & Foster, 1983), but the name was later updated to match its 
ligand AMPA, an artificial glutamate analogue (Honore, Lauridsen, & Krogsgaard-Larsen, 1982). 
AMPARs are tetramers that combine 4 types of subunits, GluR1-4 (these are also referred to as 
GluA1-4, GRIA1-4, or GluR-A,B,C,D) (Monyer, Seeburg, & Wisden, 1991; Schwenk et al., 2014). 
Each of these 4 subtypes can exist in one of two molecular forms that differ in the sequence of a 
segment preceding the most C-terminal transmembrane region, called Flip and Flop (Monyer et al., 
1991). AMPARs with the Flop segment show reduced excitability compared to ones with the Flip 
segment (Standley, Tocco, Tourigny, & Massicotte, 1995).  
After birth, glutamatergic synaptic transmission is purely mediated by NMDA receptors, 
without any functional contribution from AMPA receptors (Durand, Kovalchuk, & Konnerth, 1996; 
Isaac, Nicoll, & Malenka, 1995; Liao & Malinow, 1996)7KHVHSUHPDWXUHV\QDSVHVDUHµVLOHQW¶DW
resting membrane potential, and are unsilenced by the incorporation of AMPA receptors which 
occurs between P2 and P10 (Ben-Ari, Khazipov, Leinekugel, Caillard, & Gaiarsa, 1997; Durand et 
al., 1996; Petralia, Esteban, Wang, & Partridge, 1999) and changes in glutamate levels (Gasparini, 
Saviane, Voronin, & Cherubini, 2000). AMPAR composition itself is also dynamic throughout 
development. For example, there is an overall decrease of GluR2 and an increase of GluR4 between 
P14 to P28-P49 in the whole brain (Schwenk et al., 2014). GluR1 and GluR2 contain mostly Flip 
segments at birth, until Flop segments appear ~P15, and this increase in Flop is believed to tune 
down neuronal excitability as the organism matures (Monyer et al., 1991). Expression of Flop, but 
 15 
not Flip segments can correlate highly with AMPA binding, thus the Flop increase in development 
may indicate increase in AMPAR function, and its relative lower expression in P14-P20 may 
indicate reduced AMPAR function (Standley et al., 1995).  
Compared to NMDARs, the role of AMPARs in extinction is less studied. One study 
showed that a pre-extinction intraperitoneal injection of a potentiator of AMPAR signaling PEPA 
facilitated extinction acquisition in mice (Zushida, Sakurai, Wada, & Sekiguchi, 2007). This action 
of PEPA on extinction was dose-dependent and inhibited by the AMPAR antagonist NBQX. PEPA 
had no effect on acquisition and consolidation of initial fear conditioning itself. In another study, an 
intravenous infusion of GluR2-derived peptide (Tat-GluR23Y) that blocks AMPAR endocytosis 
required for LTD impaired within-session acquisition of extinction, but not acquisition or 
expression of fear (Dalton, Wang, Floresco, & Phillips, 2008). Taken together, the role of AMPAR 
signaling appears more specific to extinction rather than conditioning, which is in contrast to 
NMDARs (Lin, Yeh, Lu, & Gean, 2003; Rodrigues, Schafe, & LeDoux, 2001).   
2.2.1 Amygdala 
Binding of AMPA to AMPAR in the basolateral amygdala (BLA) is low at P1-P7, increasing 
steadily to reach adult levels by P21 (Insel, Miller, & Gelhard, 1990) (Fig. 3D). Not much is known 
about AMPAR subunit composition in the amygdala during development compared to adulthood 
other than the GluR3 Flip variant being very strongly expressed at P15 (Monyer et al., 1991).  
Early studies examining AMPARs contribution to extinction found no effects of AMPAR 
antagonists in the amygdala in extinction acquisition (Falls, Miserendino, & Davis, 1992; Lin et al., 
2003). Interestingly, whilst amygdala AMPARs may not be necessary for extinction, they may 
modulate the expression of extinction once extinction is acquired. For example, when rodents 
exhibit renewal, there is increased GluR2-lacking AMPA signaling in the LA (S. Lee et al., 2013; 
Park et al., 2014). This signaling appears necessary for renewal because intra-LA blockade of 
GluR2-lacking AMPA activity impaired renewal (Park et al., 2014). Additionally, renewal 
expression is related to Ser831 phosphorylation of the GluR1 subunit in the LA (Lee et al., 2013). 
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Phosphorylation of the GluR1 subunit can either enhance channel conductance (Derkach, Barria, & 
Soderling, 1999) or diffusion of AMPA from extrasynaptic to synaptic sites (Kristensen et al., 
2011).  
These findings showing the necessity of GluR2-lacking AMPA signaling in the amygdala 
for renewal suggest that the failure to observe renewal in juvenile rodents may at least partly be due 
to the slow development of AMPA binding in the amygdala that increases to adult levels by P21 
(Insel et al., 1990). This increase in AMPA binding throughout the first 3 postnatal weeks is 
reminiscent of increases in perineuronal nets (PNNs) in the amygdala (Gogolla et al., 2009). 
Perineuronal nets refers to extracellular matrix molecules specifically in the CNS, that can 
significantly modulate synaptic plasticity such as LTP and LTD, although their exact functions are 
poorly understood (Dityatev & Schachner, 2003). One particular extracellular matrix molecule, 
NARP, clusters and co-immunoprecipitates with AMPA subunits GluR1-3, at least in cultured 
neurons (O'Brien et al., 2002). We know that these PNNs are reduced in P16 mice, and using drugs 
to reduce PNNs in the amygdala in adult mice leads to impaired renewal (Gogolla et al., 2009). It 
would be especially interesting to examine how NARP and AMPA interact in the amygdala to 
produce context-specific extinction.   
2.2.2 PFC and Hippocampus 
Both the neocortex and hippocampus (Fig. 3A & 3B) show progressive increase and maturation of 
GluR1 subunits from birth into adolescence (Martin, Furuta, & Blackstone, 1998). This is consistent 
with hippocampal studies showing gradual increases of AMPA GluR1-3 subunits until P35 
(Standley et al., 1995), and no significant AMPA-induced depolarizations being observed in P10-15 
rats (Bowe & Nadler, 1990). GluR1 and GluR2 subunits in these structures contain mostly Flip 
segments at birth, and Flop segments appear at P15 (Monyer et al., 1991).  
To our knowledge, only Stine et al. (2001) examined AMPAR changes during adolescence 
(Stine, Lu, & Wolf, 2001). They showed in the PFC, GluR1 Flip/Flop ratio significantly changes 
from P35 to P60, in that Flip increases and Flop decreases. AMPA receptors incorporating Flop 
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variants exhibit faster desensitization, so a shift towards Flip incorporation might lead to increased 
neuronal excitability in the PFC, thereby influencing subcortical dopamine systems regulated by 
PFC efferents (Stine et al., 2001). Interestingly, infusing GluR1 into the infralimibic cortex (IL) of 
the PFC prevented spontaneous recovery of extinguished fear in adult rats (Migues et al., 2016). 
Therefore, the premature spontaneous recovery observed in adolescent rats only 1 day after 
extinction (Kim et al., 2011) may relate to the changes in GluR1 Flip and Flop ratio in the PFC that 
happens between P35 and P60.  
In contrast to GluR1, GluR3 shows decreases in Flip while Flop levels are maintained across 
P35 and P60 (Stine et al., 2001). This is consistent with how systemic injection of PEPA enhances 
GluR3 Flop mRNA and induces spike firing in the mPFC (Zushida et al., 2007). Importantly, 
Zushida et al. (2007) further showed that an intra-mPFC injection of PEPA dramatically facilitates 
extinction in adult rats. As PEPA displays preferential binding to AMPARs containing GluR3 or 
GluR4 subunits, these results strongly suggest that GluR3 and/or GluR4 subunits in the PFC 
promote extinction. The higher Flip/Flop ratio of GluR3 subunits in AMPARs in adolescent rats 
compared to adult rats could contribute to the impaired extinction during adolescence.  
 
2.3 Metabotropic Glutamate Receptors 
Metabotropic glutamate receptors (mGluRs) are coupled to G-proteins rather than ion channels and 
modulate the production of intracellular messengers (Ozawa, Kamiya, & Tsuzuki, 1998). There are 
8 subtypes of mGluRs identified to date that have distinct regional and developmental expression 
profiles (e.g., mGlu6 are only expressed in the retina; Ozawa et al., 1998; Traynelis et al., 2010), 
but we will focus on the two mGluR subtypes that are involved in learning and memory, namely 
mGlu1 and mGlu5, which are also known as group 1 mGluRs. The densities of metabotropic 
binding sites change during development in a complex, regionally specific fashion in the rat brain. 
In general, mRNA encoding mGlu1 is low at birth and gradually increases to adult levels during the 
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first 2 postnatal weeks of development, whereas mGlu5 mRNA expression is high at birth and then 
decreases during P14-P21 to adult levels (Catania et al., 1994).  
2.3.1 mGlu1 
The distribution of mGlu1 significantly differs from the ionotropic glutamate receptors, suggesting 
a specific role for mGlu1. For example, while AMPARs and NMDARs are generally abundant in 
the brain (Monaghan & Cotman, 1985; Rainbow, Wieczorek, & Halpain, 1984), there is sparse 
expression of mGlu1 (Shigemoto et al., 1992). This is thought to indicate that mGlu1 serves a 
modulatory role in glutamate signaling, independent of the excitatory function of the ionotropic 
glutamate receptors. There is a wide distribution of mGlu1 mRNA expression which gradually 
increases during early postnatal days to adult levels by ~P11 (Shigemoto, Nakanishi, & Mizuno, 
1992) (Fig. 3D). In the adult, mGlu1 is expressed in the hippocampus and the amygdala, and 
specific blockade of mGlu1 signaling can impair acquisition of extinction (Kim et al., 2007). Since 
mGlu1 levels mature by P11, it may be the case the mGlu1 signaling in the amygdala is a shared 
mechanism for extinction across development.  
 
2.3.2 mGlu5 
At birth, the highest levels of mGlu5 mRNA are found in the striatum, followed by the cortex and 
hippocampus (Catania et al., 1994). mGlu5 mRNA levels gradually decrease between P3 and P30 in 
the striatum and cortex but not in the hippocampus where levels remain constant over the 
developmental period (Catania et al., 1994) (Fig. 3B). Compared to other mGluRs, mGlu5 is 
particularly highly expressed in the amygdala (Bettler et al., 1990), where it shows high receptor 
protein expression in the first 2 postnatal weeks that decrease gradually from P24 (Catania et al., 
1994; Romano, Van den Pol, & O'Malley, 1996). (Fig. 3D) Functionally, P17 rats show much 
higher mGlu5-mediated responses compared with adult rats (Dudek, Bowen, & Bear, 1989).  
 19 
Whilst it has been shown the mGlu5 signaling is important for acquisition of conditioned 
fear in adult rodents (Handford, Tan, Lawrence, & Kim, 2014; Rodrigues, Bauer, & Farb, 2002), its 
role in extinction is poorly understood. We have recently demonstrated that negative and positive 
allosteric modulation of mGlu5 respectively impair and facilitate fear extinction in P17 rats at doses 
that do not affect extinction in P24 and adult rats (Ganella, Thangaraju, Lawrence, & Kim, 2016). 
This finding is consistent with high expression of mGlu5 in the amygdala at 2-3 weeks of age, and 
we have proposed mGlu5-dependent depotentiation in the amygdala as a potential mechanism 
underlying relapse-proof extinction. NMDA-independent but mGlu5-dependent depotentiation has 
been observed previously in the dentate gyrus (O'mara, Rowan, & Anwyl, 1995), therefore, future 
studies should examine whether it also occurs in the amygdala and further investigate its role in 
extinction.  
2.4 J-amino butyric acid 
J-amino butyric acid (GABA) is the main inhibitory neurotransmitter in the mammalian CNS (Ben-
Ari, 2002). There are two general classes of GABARs - GABAA and GABAB - and GABAA in 
particular is well known for its role in learning and memory (Izquierdo & Medina, 1991). GABAA 
signaling is excitatory at birth in rodents, which facilitates incorporation of AMPARs in the first 
two weeks of development, as described earlier (Chancey et al., 2013; Represa & Ben-Ari, 2005; L. 
Zhang, Spigelman, & Carlen, 1991). At around P10 there is a developmental shift in the chloride 
ion concentration and this causes a change in GABAA receptor function to inhibitory (Ben-Ari, 
2002). This developmental change in GABAA receptor function coincides with the timing of the 
switch from paradoxical approach/preference behavior to a fear conditioned stimulus that is 
exhibited by young rats (Sullivan, Landers, Yeaman, & Wilson, 2000). This paradoxical approach 
learning is associated with altered synaptic plasticity in the amygdala, and can be mimicked by 
GABAA receptor blockade (Thompson, Sullivan, & Wilson, 2008), which strongly suggests that the 
switch of GABAA receptors from excitatory to inhibitory underlies the transition from approach to 
avoidance learning in young rodents (Ganella & Kim, 2014). 
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2.4.1 Amygdala  
GABA is highly expressed in the adult amygdala (McDonald, 1985). Between P14 and P20, there is 
a significant increase in the density of GABAergic fibers, but decrease in GABAergic cell bodies in 
the BLA that is maintained to adult levels (Brummelte, Witte, & Teuchert-Noodt, 2007). 
Additionally, the development of GABAA function in the BLA is highly dynamic (Bosch & Ehrlich, 
2015; Ehrlich, Ryan, Hazra, Guo, & Rainnie, 2013). The dynamic changes in GABAA function is 
because GABAA receptors are pentameric ligand-gated ion channels composed of 19 possible 
subunits, and incorporation of different Į subunits gives rise to distinct pharmacological and 
electrophysiological receptor properties (Sieghart, 1995). For example, GABAA receptors 
FRQWDLQLQJĮVXEXQLWVKDYHIDVWHUGHDFWLYDWLRQNLQHWLFVWKDQWKRVHFRQWDLQLQJĮVXEXQLWV (Farrant 
& Nusser, 2005),QWKH%/$ĮVXEXQLWVDUHORZDWELUWKDQGVXEVHTXHQWO\LQFUHDVHZKHUHDVWKH
opposite occurs IRU Į VXEXQLWV (Fritschy, Paysan, Enna, & Mohler, 1994; Laurie, Wisden, & 
Seeburg, 1992) (Fig. 3D). This is consistent with GABAA neurotransmission kinetics becoming 
faster during early postnatal development in rodents, reaching adult values by P28 (Ehrlich et al., 
2013). 
The increase in the density of GABAergic fibers and GABAA function may relate to the 
involvement of GABAA signaling in extinction of conditioned fear in adult rats. That is, reduction 
of GABAA signaling via the benzodiazepine inverse agonist FG7142 can retrieve extinguished 
freezing, which indicates that GABAA signaling is involved in inhibition of fear necessary for 
extinction to be expressed (Harris & Westbrook, 1998). In contrast, FG7142 does not affect 
extinction expression in P17 rats (Kim & Richardson, 2007b). These findings imply that GABAA 
signaling in the amygdala has an increasing role in extinction across development.  
2.4.2 PFC and Hippocampus 
GABAA signaling appears to reach functional maturation between P10-P12 in the hippocampus 
(Ben-Ari, 2002), with receptor density and functional inhibition being comparable in juvenile and 
adult rodents (Daval, Werck, Nehlig, & Pereira de Vasconcelos, 1991; Gaiarsa, 2004). In the PFC, 
 21 
there is little functional inhibition during early postnatal days (Agmon & O'Dowd, 1992; Luhmann 
& Prince, 1991; Owens, Liu, & Kriegstein, 1999). One study has shown that GABAergic signaling 
in the PFC increases postnatally (from P7 to ~P30) to produce potent inhibitory control required for 
mature prefrontal cortical function (Cui, Wang, Wang, & Xiang, 2009) (Fig. 3A), however this 
study did not examine adolescence. Other studies examining adolescence have shown that PFC 
GABAA signaling undergoes dramatic alterations during this period. For example, the expression of 
Į VXEXQLW P51$ SHDNV EHWZHHQ P21 and P28 and then declines by about 20% by P60 
(Gambarana, Beattie, Rodriguez, & Siegel, 1991)ZKLFKPD\µVORZGRZQ¶GABAergic inhibition 
of the PFC during adulthood,QFRQWUDVWP51$H[SUHVVLRQRIĮVXEXQLWVZKLFKDUHLQYROYed in 
non-synaptic GABAergic signaling, show a pronounced down-regulation between P30 and P60 
(Gambarana et al., 1991)7KHFRUWLFDOH[SUHVVLRQOHYHOVIRUȕ-subunit mRNA also decline between 
P28 and P60 (Gambarana et al., 1991). Characteristics of extinction are quite comparable at ~P28 
and ~P60 (Kim & Richardson, 2010b). Therefore, it is unfortunate that not much specific data in-
between P28 and P60 are available, considering the well established PFC involvement in adolescent 
deficits in extinction (Kim et al., 2011; Pattwell et al., 2016).  
3. Monoamines 
3.1 Dopamine 
Dopamine is well known for its many roles in reward learning and reward-related motivations, but 
it is also critically involved in processes that drive fear learning and extinction (Abraham, Neve, & 
Lattal, 2014). The majority of dopamine-producing (i.e., dopaminergic) neurons originate from the 
mesencephalon, where 3 main projection pathways have been identified; A9 neurons originating in 
the substantia nigra that project to the striatum along the nigrostriatal pathway, A10 neurons 
originating in the ventral tegmental area (VTA) that project to limbic and cortical regions, and A8 
neurons originating in the retrorubral field that project to both striatal, limbic and cortical areas 
(German & Manaye, 1993). These pathways are mostly functionally distinct; the mesocorticolimbic 
pathway being important for reward and aversion learning (Bromberg-Martin, Matsumoto, & 
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Hikosaka, 2010; Di Chiara & Imperato, 1988; Matsumoto & Hikosaka, 2009) and the nigrostriatal 
pathway being involved in control of voluntary motor output, habit responding and reward 
prediction error (Matsumoto & Hikosaka, 2009). 
Based on their pharmacological properties, dopamine receptors can be divided into two 
different subclasses: D1-like and D2-like. D1-like receptors include D1R and D5R, whereas D2-like 
receptors include D2R, D3R as well as D4R (Civelli, Bunzow, & Grandy, 1993). D1-like receptors 
are exclusively expressed post-synaptically on dopamine-receptive cells, and are coupled to the Gs 
family of G proteins which, when activated, stimulate WKH SURGXFWLRQ RI ¶-¶-cyclic adenosine 
monophosphate (cAMP) by adenylate cyclase (Civelli et al., 1993; Kebabian & Calne, 1979). D2-
like receptors are expressed both post- and pre-synaptically (Civelli et al., 1993). They are coupled 
to the Gi/o family of G proteins which inhibit adenylate cyclase and the production of cAMP 
(Kebabian & Calne, 1979).  
In adults, the D1R is the most abundant dopamine receptor in the brain, with D1R mRNA 
detected in the striatum, nucleus accumbens, cortex, limbic system, hypothalamus and thalamus 
(Fremeau et al., 1991). D2R mRNA is highly expressed in the PFC, striatum, and CeA, whereas 
low levels are expressed in the BLA (Bouthenet et al., 1991; Levey et al., 1993). D3R protein is 
enriched in subcortical forebrain areas and ventral striatum (Khan et al., 1998). 
Immunocytochemistry has shown that D4Rs are widely distributed throughout the rat brain, 
particularly the hippocampus, frontal cortex, entorhinal cortex, caudate putamen, nucleus 
accumbens, olfactory tubercle, cerebellum, supraoptic nucleus, inferior colliculus, and substantia 
nigra pas compacta (Defagot, Malchiodi, Villar, & Antonelli, 1997; Khan et al., 1998). D5Rs are 
present in the cortex, basal ganglia, basal forebrain, hippocampus, diencephalon, brainstem, and 
cerebellum (Ciliax et al., 2000).  
Migration of dopaminergic neurons begins at early embryonic stages, but their projections 
continue to be refined postnatally (Kalsbeek, Voorn, Buijs, Pool, & Uylings, 1988; Kim et al., 
2013). Little is known about the neurodevelopment of fibers targeting the hippocampus and 
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amygdala (Bissonette & Roesch, 2016), but with respect to the PFC, dopamine innervation begins 
at around P4 and increases until around P60 where it reaches adults levels (Kalsbeek et al., 1988).  
3.1.1 Amygdala  
In the adult rodent amygdala, D1R mRNA is expressed in the BLA and intercalated inhibitory 
interneurons, whereas D2R mRNA is expressed in the CeA (Weiner et al., 1991). D3R mRNA is 
also expressed in the BLA (Bouthenet et al., 1991). To our knowledge, there are no studies 
examining the development of the dopamine receptor and its subtypes in the amygdala.  There are 
also no studies examining the dopamine signaling in the amygdala with respect to extinction at any 
age. Systemic injection of D1R agonist before extinction has been shown to enhance extinction of 
cued and contextual fear in adult rodents (El-GhunGL 2¶'RZG 	 *HRUJH , and pre-
extinction systemic injection of the D2R agonist quinpirole blocked extinction of conditioned fear 
when tested immediately after extinction (Nader & LeDoux, 1999), and when tested the next day 
(Ponnusamy et al., 2005). However, pre-extinction treatment with a systemic or central 
(intracerebroventricular; i.c.v.) D2R antagonist has also been shown to increase freezing across 
extinction training and when tested the next day (Holtzman-Assif et al., 2010), though others have 
found pre-extinction D2R antagonism facilitates extinction both within-session and at test the next 
day (Ponnusamy et al. 2005). These studies, especially that reporting effects of dopamine agonists 
and antagonists on the acquisition of extinction, highlight that dopamine signaling in the amygdala 
may play a significant role in extinction, at least in adult rats.  
3.1.2 PFC and hippocampus 
In the hippocampus (Fig. 3B), D1R, D2R and D4Rs increase steadily from birth to reach adult 
levels at around P28-P35, with D2R expression beginning to predominate over D1R expression at 
P28 (Tarazi & Baldessarini, 2000). At all postnatal ages, D1R binding in the mPFC exhibits a 
laminar distribution with increased receptor density in deep cortical layers compared to more 
superficial cortical layers. Both superficial and deep layers of D1R in the mPFC show similar 
biphasic postnatal developmental patterns, and D1Rs are present in the PFC at 1 week, increase 3 
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fold by 2-3 weeks and then start to decline at 4 weeks (Leslie, Robertson, Cutler, & Bennett, 1991). 
Another study has shown that D1R density and associated second messenger activity in the PFC 
rises dramatically between P25 and P40 before decreasing to reach stable levels around P100 
(Andersen, Thompson, Rutstein, Hostetter, & Teicher, 2000) (Fig. 3A). In contrast, D2R density 
increases from birth and stabilizes to adult levels at P35 (Tarazi, Tomasini, & Baldessarini, 1999) 
(Fig. 3A). Taken together, these findings indicate that there is a relative dominance of D1R over 
D2R signaling in the mPFC during the adolescent period. This may explain why adolescents are 
particularly vulnerable to a host of psychiatric illnesses (Tseng & O'Donnell, 2007; Zbukvic et al., 
2016). We hypothesize that the adolescent deficit in fear extinction may also involve such D1R vs 
D2R signaling in the PFC. Indeed, we have recently demonstrated that enhancing D2R signaling in 
the PFC can reverse the cue extinction deficits in adolescent rats (Zbukvic et al., 2016; Zbukvic et 
al., under review). Consistent with this finding is that intra-IL infusion of a D2R antagonist impairs 
extinction in adult rats (Mueller et al., 2010).  
3.2 Serotonin 
In addition to memory processing, the serotonergic system plays an important role in mood 
regulation, emotional processing, sleep and cognition (Dayan & Huys, 2009; Seyedabadi, 
Fakhfouri, Ramezani, Mehr, & Rahimian, 2014). There are 7 subclasses of serotonin receptors (5-
HT1-7), all of which are G protein-coupled receptors except for 5-HT3 which is a ligand-gated Na+ 
and K+ cation channel (Baez, Kursar, Helton, Wainscott, & Nelson, 1995). Most of the serotonin 
receptor subtypes have been implicated in learning and memory, although the findings are quite 
complex to fit into a unitary theory (Gasbarri, Cifariello, Pompili, & Meneses, 2008; King, 
Marsden, & Fone, 2008; Zhang & Stackman, 2015).  
Serotonergic cell bodies are largely confined to the raphe nuclei in the brain stem, but these 
neurons project widely throughout the CNS and target many brain regions including the PFC, 
hippocampus, and amygdala (Azmitia & Segal, 1978; McQuade & Sharp, 1997; Michelsen, 
Schmitz, & Steinbusch, 2007). Most serotonergic fibers reach their targets during the gestational 
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period; however some projections undergo further refinements during the postnatal period. For 
example, mature levels of innervation in the PFC are not reached until the third postnatal week 
(Lidov & Molliver, 1982). In the hippocampus, serotonergic neuron axon density actually decreases 
between P3 and P10, to rise again by P21 (Lidov & Molliver, 1982).   
3.2.1 Amygdala & Hippocampus  
The BLA is one of the most densely serotonergically innervated structures at birth (Lidov & 
Molliver, 1982), although the postnatal developmental innervation is yet unexamined. One study 
found that adolescent rats had 39% more 5-HT1A receptor binding in the amygdala, as well as more 
binding in the CA1 and DG of the hippocampus compared to adult rats (Zavitsanou, Wang, Dalton, 
& Nguyen, 2010) (Fig. 3B & 3D). What this means for extinction during adolescence is difficult to 
hypothesize, as specific receptor subtypes for serotonin have not yet been investigated for fear 
extinction. Recently, the serotonin re-uptake inhibitor Fluoxetine has been shown to facilitate 
extinction and reduce relapse in adult mice (Gunduz-Cinar et al., 2012; Popova et al., 2014), via an 
endocannabinoid-dependent mechanism in the BLA (Gunduz-Cinar et al., 2012). Therefore, further 
investigations into serotonergic mechanisms underlying fear extinction appear promising for 
understanding potential treatment avenues for anxiety disorders.   
3.2.3 PFC 
In the PFC there is a shift in the neurophysiological effects of serotonin across development due to 
changes in expression and activity of 5-HT receptor subtypes (Béïque et al., 2004). Early in the 
postnatal period (P6-P19), administration of serotonin depolarizes pyramidal cells by primarily 
activating 5-HT7 receptor subtypes, and then 5-HT2A receptor subtypes. In the third postnatal week 
however this depolarizing effect is replaced by hyperpolarization mediated by 5-HT1A receptors. 
These neurophysiological changes are thought to be due to decreased expression of 5-HT7 receptor 
subtypes coinciding with increased expression of 5-HT1A receptor subtypes and a change in the 
ability of 5-HT2A receptors to illicit membrane depolarization (Béïque et al., 2004). Another study 
has shown that mRNA expression of 5-HT1A in the rat PFC is relatively stable between P14 and 
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P28, however expression was not examined beyond this age (Sidor, Amath, MacQueen, & Foster, 
2010).  
3.3 Norepinephrine 
Norepinephrine produces its cellular effects by activating pre- or postsynaptic D-1, D-2 and E 
adrenergic receptors (Lau, Ross, Whitmore, & Slotkin, 1987). Its relevance to extinction has been 
demonstrated by several studies in rodents and humans that showed the non-selective E antagonist 
yohimbine and isoproterenol can enhance extinction learning (Cain, Blouin, & Barad, 2004; Do-
Monte et al., 2010; Morris & Bouton, 2007; Powers, Smits, Otto, Sanders, & Emmelkamp, 2009), 
although it has also been shown that E adrenoreceptors are necessary for the expression of 
extinction (Ouyang & Thomas, 2005). 
Unfortunately, there is not much information on how these adrenoreceptors develop 
postnatally in the CNS. Nevertheless, it is widely believed that the noradrenergic system in the 
forebrain is hyporesponsive during the first 2-3 weeks of postnatal life (Black, Bloom, & Hamill, 
1976). Also, a systemic injection of norepinephrine can facilitate an infantile memory into a more 
adult-like memory (Gold, Murphy, & Cooley, 1982). It appears imperative to explore further the 
postnatal development of specific adrenoreceptors to further understand how it may contribute to 
fear extinction across development. 
4. Endogenous Opioid and Cannabinoid systems 
4.1 Opioids 
The endogenous opioid system is a well-characterized system that contributes to a diverse array of 
functions within the CNS. Opioids are best known for their role in control of sensation and 
particularly pain regulation (McNally & Akil, 2002), but they are also implicated in a wide range of 
behaviors, including learning and memory (Bodnar, 2009).  
There are three main classes of opioid receptor, all of which are G-protein coupled 
UHFHSWRUV7KHVHDUHWKHįDQGțRSLRLGUHFHSWRUV025'25	.25, respectively). The most 
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well-known of the opioid peptides are the enkephalins, the endorphins and the dynorphins, which 
derive from the peptide precursors proenkephalin, proopioimelanocortin and prodynorphin 
respectively (Mansour, Khachaturian, Lewis, Akil, & Watson, 1988). All three peptides interact 
with all three receptors, with varying degrees of specificity (Tsang, Ng, Ho, & Ho, 1982). Although 
opioid receptors emerge during embryonic development, the majority of the opioid receptors are 
formed after birth, with documented increases from 0.7 to 11.4 pmol/brain during the postnatal 
period in rats (Hamm & Knisely, 1984; Wohltmann, Roth, & Coscia, 1982; Zhang & Pasternak, 
1981). Membrane binding data indicates that the affinities of MOR, DOR and KOR are similar in 
neonates as in adult rats, however it is clear that there are marked changes in both the density and 
the distribution of these receptors, and that the three classes have distinct developmental profiles. 
Autoradiographic receptor binding assays clearly showed that MOR and KOR are prenatally 
present, while DOR binding sites do not appear until shortly after birth (Díaz-Morán et al., 2013; 
Wohltmann et al., 1982). After a decrease across the first few days, MORs and forebrain KORs start 
to rapidly increase from the second week, with adult receptor levels reached at ~P28 (Spain, Roth, 
& Coscia, 1985). DORs also show a rapid increase across the first 4 weeks, which correlates with 
the appearance of MOR binding sites (Spain et al., 1985).  
4.1.1 Amygdala 
The amygdala is rich in all three opioid receptors (except the CeA that expresses only KORs), and 
all three peptide precursors (Mansour et al., 1988). MORs are present at detectable concentrations at 
birth (Kornblum, Hurlbut, & Leslie, 1987), however they are slower to develop here than in other 
parts of the brain. While in most regions MORs reach adult levels by P14, in the amygdala they do 
not reach adult levels until P21 (Recht, Kent, & Pasternak, 1985). DOR binding is low in the BLA 
at birth, and remains low until it rapidly increases beginning ~P30, while KOR levels at birth are 
constantly maintained even through to adulthood (Kornblum et al., 1987) (Fig. 3D).  
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 Systemic administration of naloxone, which mainly has an antagonist action at MOR (and 
mildly at DOR and KOR), has been shown to block the within-session decrease of fear responding 
during extinction acquisition in both adults and P17 rats (Kim & Richardson, 2009; McNally & 
Westbrook, 2003). It appears that relatively low levels of MOR expression in the amygdala during 
the juvenile period compared to adulthood do not affect extinction differently, which is consistent 
with the idea that MOR signaling in the midbrain periaqueductal gray may be WKHORFXVRI025¶V
role in extinction (McNally, Pigg, & Weidemann, 2004). Indeed, this downstream brain region 
appears to express adult levels of MOR by P14 (Recht et al., 1985), therefore, it would be 
interesting to examine whether naloxone disrupts extinction in juvenile rodents via reducing MOR 
signaling specifically in the midbrain periaqueductal gray. 
4.1.2 PFC and Hippocampus 
The frontal cortex predominantly expresses MOR, although DOR and KOR are present at lower 
concentrations (Mansour et al., 1988). MORs in the PFC are fully developed by P30, and show 
constant expression across adolescence (Ellgren et al., 2008). KOR and DOR in this region both 
show the most rapid development during the second postnatal week (Kornblum et al., 1987) (Fig. 
3A).  
In the hippocampus, 3H-naloxone binding shows evidence of opioid receptors in the 
hippocampus from P2, which peaks at around P16 (McDowell & Kitchen, 1987). However, the 
functionality of MORs appears at only 60% of adult levels at P16 (Gazyakan, Disko, Haaf, 
Heimrich, & Jackisch, 2000) (Fig. 3B). It remains to be seen what the consequences are of such 
changes in functionality of MOR signaling in the hippocampus for extinction across development.   
4.2 Cannabinoids 
The endocannabinoids are important players in synaptic plasticity, and hence are critical for 
learning and memory. The major constituents of the cannabinoid system are the G-protein coupled 
cannabinoid receptors - CB1R and CB2R and their endogenous agonists ± anandamide and 2-
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arachidonylglycerol (Pertwee, 2006; 2009). Anandamide and 2-arachidonylglycerol serve as 
retrograde signaling molecules, and postsynaptic release of at least one endocannabinoid is required 
for LTD induction, at least in the striatum (Gerdeman, Ronesi, & Lovinger, 2002). Both CB1R and 
CB2R modulate excitatory-inhibitory balance by mediating short and long-term synaptic plasticity 
(Long, Lind, Webster, & Weickert, 2012).  
In the literature, it appears that the changes in the endocannabinoid system across postnatal 
development have received much attention. This is because many people experiment with cannabis 
during adolescence, and it is known that the earlier age of cannabis use is associated with higher 
risk of psychotic symptoms and neuroanatomical abnormalities associated with psychosis 
(Arseneault, Cannon, Poulton, Murray, & Caspi, 2002; Long et al., 2012). Cannabinoid binding in 
the brain is apparent early in postnatal development, and it increases to reach a peak ~P30-40, 
before declining slightly until P70 to stabilize (de Fonseca, Ramos, & Bonnin, 1993). Notably, this 
decline occurs throughout the adolescence period, potentially indicating that cannabinoid receptor 
binding is particularly important at this time. Whole brain measurements also show that 
anandamide, but not 2-arachidonylglycerol levels increase during postnatal development (Ade & 
Lovinger, 2007; Fernández-Ruiz, Berrendero, Hernández, & Ramos, 2000). This is interesting, 
because recent studies implicate that anadamide activity via CB1R may be necessary and sufficient 
for extinction of conditioned fear in adult rodents (Gunduz-Cinar et al., 2012; 2016; H. C. Lin, Mao, 
Su, & Gean, 2008; Manwell et al., 2009).  
While we know that cell proliferation in the medial nucleus of the amygdala in neonates 
responds to modulations in cannabinoid signaling, there is no information that we could find on the 
development of the cannabinoid system in the amygdala. The hippocampal regions show a steady 
increase in CB1R binding between P7 and P60 (Belue, Howlett, Westlake, & Hutchings, 1995) (Fig. 
3B). In the PFC, concentration of anandamide increases across adolescence, while CB1R binding 
decreases slightly between P29 and P38 (Ellgren et al., 2008) (Fig. 3A). Considering that CB1R 
signaling in the PFC is critical for extinction, the reduced CB1R binding during adolescence may 
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explain the adolescent impairment of extinction and related age differences in PFC synaptic 
plasticity (Kim et al., 2011; Pattwell et al., 2012; 2016). Future studies should determine whether 
CB1R agonists can facilitate extinction during adolescence.  
5. Neuropeptides Oxytocin and Corticotropin Releasing Factor 
5.1 Oxytocin 
Oxytocin is an endogenous neuropeptide which is well known for its role in reproduction and 
sociability (Campbell, 2010). Recently, oxytocin has been identified as also involved in fear and 
anxiety. Intranasal administration of oxytocin in humans appears to be anxiolytic (de Oliveira, 
Zuardi, Graeff, Queiroz, & Crippa, 2012; Heinrichs, Baumgartner, Kirschbaum, & Ehlert, 2003), an 
effect mediated by moderating stress. Rodent studies suggest that reduced levels of oxytocin can 
increase anxiety (Mantella, Vollmer, Li, & Amico, 2003). Therefore, it is reasonable to hypothesize 
that it may have a role in fear extinction. 
Oxytocin is predominantly produced in magnocellular neurons in the hypothalamus, but is 
stored in the pituitary gland prior to its release. The oxytocin receptor, a G-protein coupled receptor 
through which oxytocin mediates its biological effects, is expressed on neurons in a number of 
important brain regions associated with mediating stress responses, including the amygdala and 
hypothalamus (Gimpl & Fahrenholz, 2001). Importantly, the distribution of oxytocin binding sites 
undergoes major reshaping during postnatal development (Tribollet, Charpak, Schmidt, Dubois-
Dauphin, & Dreifuss, 1989; Tribollet, Dubois-Dauphin, Dreifuss, Barberis, & Jard, 1992). 
Generally, in the young rat brain the distribution of binding sites of the oxytocin receptor remains 
essentially unchanged from P5 to P16 but differs markedly from the adult pattern (Tribollet et al., 
1989). The changeover from µLQIDQWSDWWHUQ¶ WR µDGXOWSDWWHUQ¶RFFXUV LQVWDJHV WKH ILUVW change 
taking place between P16-P22 in the juvenile period when oxytocin binding decreases or disappears 
in several brain regions, and then the second change occurring at P35 in the adolescent period when 
oxytocin binding increases in some brain regions. It is thought this final change coincides with 
sexual maturation and is dependent upon gonadal steroids, which are synthesized from puberty 
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onwards (Tribollet et al., 1992).  
5.1.1 Amygdala 
Binding for oxytocin in the amygdala is present at P10 (Tribollet et al., 1989). Specifically, there is 
diffuse labeling in the BLA that disappears between P19-P22 before changing to the adult pattern, 
which has greater localization in the CeA (Fig. 3C & 3D). Oxytocin receptor binding in CeA 
appears to increase during puberty (Shapiro & Insel, 1989). This shift in oxytocin receptor 
localization from BLA to CeA from the third postnatal week of development is important 
considering the recent findings that the role of oxytocin in fear extinction is dissociated across BLA 
and CeA in adult rats. Specifically, infusion of synthetic oxytocin into CeA disrupts, whereas the 
same infusion into BLA facilitates, extinction of conditioned fear (Campbell-Smith, Holmes, 
Lingawi, Panayi, & Westbrook, 2015). Therefore, the localization of oxytocin receptors in BLA 
during the juvenile period may explain why extinction is very potent at this age and rats do not 
show relapse following extinction. Oxytocin signaling then transiently reduces quite drastically in 
these parts of the amygdala in preadolescence, during which extinction is less effective and rats 
readily show relapse-like fear behaviors. Oxytocin receptor binding then localizes within the CeA at 
~P40 when rats are particularly resistant to extinction.  
5.1.2 PFC and Hippocampus  
In the PFC and the hippocampus, oxytocin binding is clearly apparent from P10 (Shapiro & Insel, 
1989; Tribollet et al., 1989). During P16-P22, binding was reduced in the PFC and dorsal 
hippocampus, which was intensely labeled before P16 and then hardly detectable at P19 and 
thereafter (Fig. 3A & 3B). At the same time, binding sites also appeared in the ventral hippocampus 
(Tribollet et al., 1989).  
5.2 Corticotropin Releasing Factor 
Corticotropin releasing factor (CRF) is a neuropeptide, and is the key coordinator of the 
neuroendocrine and behavioral responses to stress (Baram, Chalmers, Chen, & Koutsoukos, 1997). 
It is predominantly produced and secreted by parvocellular neurons in the paraventricular nucleus 
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of the hypothalamus. CRF activates postsynaptic receptors on target neurons, of which two 
members of the CRF receptor family are currently known (CRFR1 and CRFR2). Both are G-protein 
coupled receptors, however they have distinct temporal and spatial distribution patterns, suggesting 
they may mediate some independent functions in the stress response through development (Baram 
et al., 1997). Additionally, due to the strong relationship between stress, memory, and anxiety, it is 
intuitive to expect that the CRF system has a role in fear extinction (Abiri et al., 2014; Chen et al., 
2016). 
In adults, CRF signals through CRFR1 and CRFR2 in the amygdala, VTA, nucleus 
accumbens, mPFC and hippocampus among other regions (Burke & Miczek, 2013; Lemos et al., 
2012; Rodaros, Caruana, Amir, & Stewart, 2007; Ungless et al., 2003). Autoradiography and 
radioligand binding studies during early postnatal life in the rat have demonstrated changes in 
receptor number and regional distribution, however the two methods have yielded conflicting 
information regarding CRF receptor distribution in a number of brain regions (Avishai-Eliner, Yi, 
& Baram, 1996; Insel, Battaglia, Fairbanks, & De Souza, 1988). This may be due to the presence of 
CRF binding protein, which may interact with the CRF ligand (Avishai-Eliner et al., 1996). 
Nevertheless, unique developmental expression of CRFR1 and CRFR2 mRNA were found in the 
amygdala, hippocampus and cortex (Eghbal-Ahmadi et al., 1998; Insel et al., 1988), indicating how 
these receptors must have age-specific functions.  
5.2.1 Amygdala 
CRFR1 mRNA levels in the amygdala has been reported to peak at P9, at twice the adult values 
(Avishai-Eliner et al., 1996). In the BLA specifically, CRFR1 binding and CRFR2 mRNA are most 
intense at P30, and decrease to reach adult levels (Eghbal-Ahmadi et al., 1998; Weathington & 
Cooke, 2012) (Fig. 3D). This potential enhancement of CRF function in the BLA during 
adolescence may explain adolescent deficits in fear extinction, because increases in CRF signaling 
in the BLA has been shown to impair fear extinction in adults (Abiri et al., 2014). In the CeA, no 
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age-related differences have been detected for CRFR1 binding, whereas CRFR2 binding appears 
lower during adolescence compared to adulthood (Weathington & Cooke, 2012) (Fig. 3C).  
5.2.2 PFC and hippocampus 
In cortical regions, CRFR1 mRNA was maximal at P2 and decreased gradually, reaching adult 
values by ~P12 (Avishai-Eliner et al., 1996; Insel et al., 1988) (Fig. 3A). In the hippocampus, peak 
CRFR1 mRNA levels were observed at P6 (300-600% adult levels) with a subsequent rapid decline 
to below adult levels from P12-P16 that was gradually restored back to adult levels (Avishai-Eliner 
et al., 1996). (Fig. 3B)  
It would be important to examine the relationship between this developmental profile of the 
CRF system and the emergence of adult-like fear extinction. Early life adversity, often modeled in 
rodents between P2 and P12, is thought to trigger an early emergence of relapse-prone fear 
extinction (Callaghan & Richardson, 2011). Maternal separation in the form of early life 
institutionalization has also been shown to facilitate the connection between the PFC and the 
amygdala in children and young adolescents (Gee et al., 2013). Both CRFR1 and CRFR2 undergo 
interesting changes in binding profiles and mRNA expression during the first two weeks of 
postnatal life in rodents, which is the time period when most early life adversity treatments are 
aimed at in rodent studies (Callaghan & Richardson, 2011; Roth & Sullivan, 2005). Using chronic 
ways to suppress CRF systems during this period (Chen et al., 2016), future studies should examine 
whether the dynamic development of CRF signaling plays a role in the behavioral and neural 
consequences of early life adversity.  
6. Acetylcholine 
Acetylcholine is an endogenous agonist to both nicotinic ion channel receptors and G protein-
coupled muscarinic receptors. These receptors are widespread throughout the brain. Much of the 
EUDLQ¶VFKROLQHUJLFLQQHUYDWLRQRULJLQDWHVLQWKHEDVDOIRUHEUDLQ (Aubert, Cyre, Gauthier, & Quirion, 
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1996). From the basal forebrain, acetylcholine is loaded into secretory organelles in neurons by the 
acetylcholine transporter (AChT), which enables them to be transported in vesicles to the synapse 
(Matsuo et al., 2011). Autoradiography shows that within the cortex, AChT are present on synaptic 
vesicles (Aubert et al., 1996). Its level is relatively high before birth, and fluctuate across 
development (Aubert et al., 1996). For example, in the PFC and the hippocampus, binding sites 
decline across the first postnatal week, but then increase again up to a peak level at P14. They then 
decline from P35, reaching adult levels at P60. In the amygdala, the AChT sites increase most 
significantly from the second postnatal week, then remain fairly constant up until P60. A very 
recent study has shown that stimulating cholinergic signaling/input in the BLA can strengthen fear 
memories (Jiang et al., 2016), which may suggest that the increase in amygdala AChT from second 
postnatal week to adulthood facilitates erasure-resistant strong fear memories.   
It is notable that the two classes of cholinergic receptors (nicotinic and muscarinic) show a 
very different pattern of ontogeny. Additionally, both muscarinic and nicotinic receptors play an 
important role in regulating dopamine release (Miller & Blaha, 2005), hence the development of 
these receptors is of great interest to understanding how cognition changes across development.  
6.1 Nicotinic receptors 
Į4ȕ2 is the major brain nicotinic receptor type with a high affinity for [3H]-L-nicotine (Cimino et 
al., 1995). It is particularly important for learning and memory, reward seeking, and addiction 
(Leslie, Mojica, & Reynaga, 2013). This receptor is broadly distributed across the central and 
peripheral nervous system, and is particularly abundant in the cerebral cortex, hippocampus, 
amygdala, olfactory tubercle and in the striatum (Tribollet, Bertrand, Marguerat, & Raggenbass, 
2004). In the cortex FKDQJHV LQ Į4ȕ2 show a similar inverted U shape pattern as that seen with 
AChT. Binding increases from the prenatal period right up to P14, then decreases between P35 and 
P60 (Fig. 3A). This decline was not seen, however, in the superficial layers of the cortex, where 
levels remained fairly constant after P35. In the hippocampus, levels generally declined slightly 
perinataly, then increased sharply up until P20, before decreasing slightly and reaching adult levels 
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at P35 (Fig. 3B). In the amygdala, nicotinic binding sites increase up to P20, then decline to P60 
(Cimino et al., 1995; Tribollet et al., 2004).  
Gould and his colleagues have shown that pre-extinction systemic injection of nicotine can 
facilitate extinction and reduce renewal YLDĮ4ȕ2 subunits (Elias, Gulick, Wilkinson, & Gould, 2010; 
Kutlu, Holliday, & Gould, 2016). The higher levels of those subunits observed at ~P16 compared to 
adulthood in brain regions related to extinction may explain the reduced renewal observed in 
extinction at P16.  
6.2 Muscarinic receptors 
There are at least 5 subtypes of muscarinic receptors. These are all significantly slower to mature 
when compared to that of the nicotinic receptors and other aspects of the cholinergic system. Where 
the latter are frequently present at high levels from birth, muscarinic receptors overall show the 
greatest increase between P4 and P60 (Aubert et al., 1996). In all subtypes of muscarinic receptors 
(except for M2 sites), there is no decline once peak levels are reached - this is the adult level of 
binding site. M2 sites show some decline in the frontal cortex and amygdala after a peak around 
P35 (Aubert et al., 1996) (Fig. 3A & 3D).  
 Antagonism of the muscarinic receptor via systemic or infralimbic cortical injection of 
scopolamine has been shown to recover extinguished fear memories in adult rodents, which 
suggests that muscarinic receptor signaling is important for extinction expression (Roldán, Cobos-
ZapiaÕғn, & Quirarte, 2001; Santini, Sepulveda-Orengo, & Porter, 2012). It would be interesting to 
examine whether muscarinic receptor signaling, like GABA signaling, is not involved in extinction 
expression in juvenile rodents. Such studies would further clarify whether extinction indeed causes 
erasure of the original fear memory and its expression cannot be disrupted early in development. 
7. Conclusions 
Anxiety disorders are largely developmental disorders, therefore, it is crucial to understand 
extinction processes early in life. However, compared to the behavioral and pharmacological 
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research in developmental extinction that began 10 years ago, we feel that this review on the 
development of neurotransmitter systems is long overdue. It is clear that many questions remain 
unanswered, and with this review we hope to facilitate more research into mechanisms of extinction 
at different stages of life. For example, is high expression of NR2B subunit early in life relative to 
adulthood critical for enhanced extinction observed in juvenile rodents? What are the mechanisms 
underlying the potential erasure of fear memory, and are they mGlu5-dependent? What are the 
consequences of rapid decline in oxytocin signaling in the BLA, PFC, and the hippocampus in 
extinction during preadolescence into adulthood? Is the adolescent deficit in long-term extinction 
related to high expression of D1R relative to D2R, and/or high expression of the muscarinic 
receptor at this age compared to any other age?  
We also feel that this review is not only relevant to understanding extinction and exposure 
therapies, but it is also relevant to understanding addiction, schizophrenia, psychosis, and many 
other disorders. This is because mental disorders are increasingly classified as neurodevelopmental 
disorders, and the lack of progress in discovering and optimizing effective treatments has been 
attributed to the neglect in developmental research (Casey et al., 2015; Insel, 2005; 2014; Paus, 
Keshavan, & Giedd, 2008). Albert Einstein defined insanity as doing the same thing over and over 
again but expecting different results. Mental health research may experience a stalemate in the near 
future if we continue to neglect developmental research. Additionally, the developmental angle 
allows better prevention, not only treatment, of mental disorders. Therefore, understanding the 
development of neurotransmitter systems involved in extinction will generate many testable 
hypotheses that can contribute towards the synergy between pharmacotherapy and behavioral 
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Table 1. Receptor (mRNA and/or protein) development studies covered in the present review 






Cull-Candy et al., 2001; Dumas, 2005; Flores-Barrera et 
al., 2014; Laurie et al., 1997; Lopez De Armentia & Sah, 
2003; Monyer et al., 1994; Portera-Cailliau et al., 1996; 
Ritter et al., 2002; Riva et al., 1994; Sheng et al., 1994; 
Takai et al., 2003; Wang et al., 2008; Wenzel et al., 
1997; Williams et al., 1993; Zhong et al., 1995 
AMPA GluR1 - 4 
(Flip or Flop 
subvariants exist 
for each subtype) 
Ben-Ari et al., 1997; Durand et al., 1996; Insel et al., 
1990; Martin et al., 1998; Monyer et al., 1991; Petralia 
et al., 1999; Schwenk et al., 2014; Standley et al., 1995; 
Stine et al., 2001 
mGluR mGlu1 
mGlu5 
Bettler et al., 1990; Catania et al., 1994; Monaghan & 




Brummelte et al., 2007; Cui et al., 2009; Daval et al., 
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Andersen et al., 2000; Bouthenet et al., 1991; Ciliax et 
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Díaz-Morán et al., 2013; Hamm & Knisely, 1984; 
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Belue et al., 1995; de Fonseca et al., 1993; Ellgren et al., 
2008 




Avishai-Eliner et al., 1996; Baram et al., 1997; Eghbal-
Ahmadi et al., 1998; Insel et al., 1988; Weathington & 
Cooke, 2012 
Nicotinic Į4ȕ2  Aubert et al., 1996; Cimino et al., 1995; Tribollet et al., 
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Table 2. Studies examining the role of neurotransmitter systems in adult and developing rodents. It should 
be noted that the studies listed using adult rodents is not exhaustive (for an exhaustive list, see Singewald et 
al., 2015), but are referenced to provide insight into the mechanisms of extinction across development.  
Receptor References on adult rodents References on developing rodents 
NMDA 
 
Falls et al., 1992; Sotres-Bayon et 
al., 2007; Sotres-Bayon et al., 2009 
Kim & Richardson, 2010b; Langton 
et al., 2007; McCallum et al., 2010 
AMPA Dalton et al., 2008; Falls et al., 
1992; Lee et al., 2013; Lin et al., 
2003; Park et al., 2014; Zushida et 
al., 2007) 
None 
mGlu1  Kim et al., 2007 None 
mGlu5 Ganella et al., 2016 Ganella et al, 2016 
GABAA Harris & Westboork, 1998 Callaghan & Richardson, 2011; Kim 
& Richardson, 2007b 
D1R El-Ghundi et al., 2001; Zbukvic et 
al., under review 
Zbukvic et al., under review 
D2R Holtzman-Assif et al., 2010; 
Mueller et al. 2010; Nader & 
LeDoux, 1999; Ponnusamy et al., 
2005; Zbukvic et al., under review 
Zbukvic et al., under review 
serotonin 
 
Gunduz-Cinar et al., 2012; Popova 




Cain et al., 2004; Do-Monte et al., 
2010; Morris & Bouton, 2007; 
Ouyang & Thomas, 2005 
None 
 
Opioid McNally & Westbrook, 2003 Kim & Richardson, 2009 
Endocannabinoid Gunduz-Cinar et al., 2012; 2016; 
Lin et al., 2008; Manwell et al., 
2009 
None 
Oxytocin Campbell-Smith et al., 2015 None 
CRF Abiri et al., 2014 None 
Acetylcholine Jiang et al., 2016 
 
None  
Nicotinic (Į4ȕ2) Elias et al., 2010; Kutlu et al., 2016 None 



















Figure 1. Potential neural circuitry underlying acquisition and consolidation of extinction. (a) 
Extinction does not involve the mPFC in P17 rats (hippocampus involvement is yet unstudied). This 
may result in inflexibility in creating/storing two competing memories following extinction and 
cause erasure of the CS-US memory. (b) Extinction in adult rats is consolidated and stored across 
the hippocampus, the mPFC and the amygdala. This may allow flexibility in memory storage so 
that CS-US and CS-no US memories can co-exist. Extinction in adolescent rats is believed to 
involve this neural circuitry. 
 
Figure 2. Renewal following extinction at different ages (re-graphed and analyzed from published 
data in Kim & Richardson, 2007b and Kim et al., 2011). P24 and P70 rats show robust renewal, 
whereas P17 rats fails to show renewal when tested in a different context to extinction. P35 rats fail 
to maintain long-term extinction. (significant extinction age x test context interaction, and * indicate 
p < 0.05 post-hoc t-tests within each age.) 
 
Figure 3. Postnatal expression (not to scale) of receptor mRNAs and/or proteins for different 
neurotransmitter systems in rodents in the (a) PFC, (b) hippocampus, (c) CeA, and (d) BLA. X-axis 
represents age (youngest-oldest), and y-axis represents an arbitrary ascending scale. Dotted lines 
represent differential expression of subtypes. It should be noted that each receptor expression 
should be compared within itself throughout postnatal development, and this figure does not 
directly compare the quantitative expression of different neurotransmitter systems against each 
other (no such data are available).  
 
 
 
 
